We propose the use of single-carrier frequency-domain equalization (SC-FDE) for the compensation of modal dispersion in short distance optical links using multimode fibers and 850 nm VCSELs. By post-processing of experimental data, we demonstrate, at 7.9% overhead, the error-free transmission (over a 4 Mbit sequence) of OOK-modulated 5 Gbps over 2443 meters of OM3 fiber (with a nominal 3300 MHz×km bandwidth). The proposed solution may be applied as a low cost alternative for data center and supercomputer interconnects. 12. N. Benvenuto, and S. Tomasin, "On the comparison between OFDM and single carrier modulation with a DFE using a frequency-domain feedforward filter," IEEE Trans. Commun. 50, 947-955 (2002).
Introduction
Multimode fibers (MMFs) are widespread in short-reach optical systems, with applications ranging from local-area intracampus communications to data center and supercomputer interconnects. The main reason for the remarkable success of MMFs is their relatively large core radius in comparison to single-mode fibers, which simplifies the component-to-fiber alignment and, therefore, reduces the overall system cost. In particular, the capacity demand for data center and supercomputer interconnects has been satisfied by low-cost solutions composed of vertical cavity surface emitting lasers (VCSELs) directly modulated at the wavelength of 850 nm, MMF transmission, and direct detection [1] . The volume of traffic in data center communications is already enormous, and the fraction of Internet traffic which takes place within the data center is increasing [2] . Therefore, new technologies are needed to increase capacity while maintaining footprint and power consumption. One of the main challenges is to cope with a highly variable modal dispersion from fiber to fiber, which causes a large variation of the link bandwidth [3] . Several solutions to the bandwidth variation problem have been proposed, including restricted offset launch [4] and coarse wavelength division multiplexing (CWDM) [5] . Transmission parallelization has been also deployed by the use of ribbon fibers, however, the associated connectors (MPO/MPT) are relatively costly [6] . In the universe of electronic dispersion compensation, pulse-amplitude modulation (PAM) with decision feedback equalizers has been investigated [7] . Recently, optical orthogonal frequency division multiplexing (OFDM) has proved to be an effective solution to the intersymbol interference (ISI) caused by an optical dispersive channel [8] [9] [10] . The main disadvantage of OFDM, however, is that it involves the generation of complicated waveforms, requiring a potentially expensive digital-to-analog converter (DAC) at the transceiver. Another problem is the well-known high peak-to-average power ratio (PAPR), which may cause distortions due to the nonlinear nature of the modulator. In addition, intensity modulated signals are not only real, but also unipolar, which requires the use of artifices such as hermitian symmetry, DC-level addition and clipping, thereby reducing the overall system efficiency [11] .
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Single-carrier frequency-domain equalization

Concept
The block diagram of the SC-FDE system is shown in Fig. 1 . The concept is very similar to that of OFDM with the difference that, in SC-FDE, the IFFT block is moved from the transmitter to the receiver. Thus, SC-FDE and OFDM have equivalent complexity, although the transmitter in the first case is simpler and the receiver is more complex. At the transmitter, a binary (in this paper, we consider OOK transmission) data sequence of length N b is generated. This sequence is then split into N s blocks, and a cyclic prefix (CP) is added to each block, in such a way that the last N cp bits of the block are repeated at the beginning. Each block with cyclic prefix forms a socalled SC-FDE block. Thus, each SC-FDE block has size S =
N b
Ns + N cp bits, and the transmitted sequence X has size S × N s . To avoid interblock interference between SC-FDE blocks, the condition T cp > T ch must be satisfied, where T cp = N cp T b is the temporal duration of the cyclic prefix, T ch is the maximum delay spread of the channel and T b is the bit duration. Data blocks are alternated with pilot and synchronization blocks, composing a frame of length S × N s + K, where K is the overhead length, including pilot and frame synchronization sequences. The periodicity of a frame is chosen as to optimize the trade-off between overhead and channel tracking. The SC-FDE blocks are then converted to the analog domain by the modulator (in our case, a directly modulated VCSEL). At the receiver site, the PIN photodetector makes the optical-to-electrical conversion, and the resulting electrical signal is sampled by the analog-todigital converter, forming sequence Y.
Frame synchronization
SC-FDE requires frame synchronization to determine the block position in the received sequence. In this paper, we send a synchronization block along each frame. The synchronization block was chosen among several randomly generated sequences so as to narrow its autocorrelation function. The implemented synchronization algorithm works as follows:
1. Set a non-negative integer n to zero. 3. Assuming that this sequence is a pilot sequence, the channel response is estimated (the channel estimation and the equalization process are described below).
4. The S subsequent bits, Y n+S ,Y n+S+1 ...Y n+2S−1 , which should form the synchronization block, are equalized using the channel response estimate calculated in the previous step.
5. The result is correlated with the original synchronization block, resulting in the instant correlation C n .
6. Increase the value of n by one unit.
7. Repeat S × N s + K − 1 times steps 2 to 6.
The result of the algorithm is the correlation vector C of size S × N s + K. An example of C is shown in Fig. 2(a) for back-to-back transmission and a data rate of 8 Gbps. In the case without filtering, there are several high correlation points, showing that there is more than one window position that results in optimal detection. This happens because of the redundancy added to the signal by the cyclic prefix. Thus, there are M + 1 possible detection windows, where M is the number of cyclic prefix samples not corrupted by modal dispersion. The algorithm assumes the correct n as the one that leads to the maximum correlation. However, correlation values at the edge of the plateau in Fig. 2 (a) may also have values close to the optimal, what can lead to synchronization errors. We solve this problem by smoothing C by a moving average filter of length equal to the cyclic prefix, in such a way that the maximum occurs in the middle of the plateau. Figure 2(b) shows the effect of modal dispersion on the correlation vector. Here, the previously mentioned plateau is distorted, as most of the cyclic prefix has been corrupted by interblock interference. However, even in the presence of modal dispersion, the frame start is clearly found.
Equalization
After the synchronization process, the cyclic prefix of each block is removed and the signal is converted to the frequency domain using a FFT. The channel estimator then uses the pilot blocks to estimate the modal dispersion degrading the optical signal. This process is performed whenever a pilot block is received. The channel transfer function is estimated by:
where P o ( f ) and P i ( f ) are the Fourier transforms of the received pilot and transmitted pilot blocks, respectively, and H ( f ) is the estimate of H( f ), the channel transfer function. For a highly dispersive channel like the multimode fiber, frequency-domain equalization becomes attractive. This is true because modal dispersion spreads the transmitted bits in time, which, for high data rates, may cause severe intersymbol interference even for short transmission distances. In this case, time-domain equalization requires generally filters of higher complexity than the frequency-domain counterpart. In this paper we investigated both the MMSE and zeroforcing equalizers. The zero-forcing equalizer frequency response is simply the inverse of the estimated channel transfer function [15] :
and the MMSE equalizer frequency response is calculated by [15] :
where (·) * represents the complex conjugate, and SNR is the signal-to-noise ratio at the output of the receiver filter. Once the signal has been equalized, its converted back to the time domain by an IFFT. Before decision, it is necessary to adjust the proper decision threshold.
Experimental setup and results
Experimental setup
A user-defined pattern of 4 Mbits containing pilot, synchronization and data bits was loaded to a pulse pattern generator (PPG). Each frame contains one pilot block of length 1076 bits, followed by one synchronization block of the same length, and 68864 bits of data, already including the cyclic prefixes. The length of the cyclic prefix is 52 bits, and it is added for every 1024 bits. The PPG output drives a commercially available 10 GHz 850 nm VCSEL using a Bias T. The data rate was varied from 5 to 10 Gbps with 0.25 Gbps steps, while the peak-to-peak voltage (Vp-p) of the data was fixed at 750 mV. The VCSEL, with a 1 mA threshold current, was biased at 6.5 mA for best performance. The root-mean-square (RMS) spectral width of the VCSEL was 0.4 nm. The output optical signal of the VCSEL was transmitted through a 2443 m OM3 MMF with effective modal bandwidth (EMB) of 3300 MHz×km. The optical power before and after fiber transmission was -4.5 and -9.0 dBm, respectively. After fiber transmission, the optical signal was detected by a 10 GHz bandwidth photodetector (PD). The photodetected signal was digitized into a 60 MSample sequence using a 40 GSamples/s digital storage oscilloscope (DSO) for offline digital signal processing (DSP). The stored sequence was first resampled to 4 times the transmission rate, and then was downsampled, keeping one out of every four samples. This process effectively reduced the signal to one sample per bit. The best sample among the available four was chosen as the one that yielded the highest maximum correlation in the frame synchronization process described in Section 2.2. The reception filter was a butterworth filter of 3 dB bandwidth equal to the signal rate. impact on the channel estimation, we made an impulse response restriction. This approach is commonly used when the channel impulse response in known to be bounded to a certain duration. This way, we locate the highest point from the impulse response, and considered only the neighboring impulses in the specified window, forcing the other values to zero. If the window is designed correctly, the dominant impulses will remain, and the channel estimation will not lose accuracy. However, a poorly specified window can yield equally poor channel estimates. The results are shown in Figs. 3(b) and 3(d) . In our experiment, we used a window of size 10 samples. This way, the spurious peaks were removed from the estimated channel transfer function, which became smoother. It can also be noted from Fig. 3(b) that the amplitude response of the channel remained stable between the first and last pilots stored for offline processing (10 μs time interval).
Experimental results
We also evaluated the difference in performance between zero-forcing and MMSE equalizers. The design of a proper MMSE equalizer requires knowledge of the received signal SNR, as indicated in Eq. (3). Since in the experimental setup it is relatively difficult to estimate the precise noise variance, we varied the SNR over a wide range and calculated the bit error rate for each case. The results are shown in Fig. 4 . It can be seen that, for all investigated transmission rates, the BER is minimized when the assumed SNR −1 is equal to zero, effectively turning the MMSE equalizer into a zero-forcing equalizer. Therefore, we expect both equalizers to exhibit similar performances. This conclusion is consistent with the results obtained by [15] .
We considered transmission rates from 5 to 10 Gbps. Thus, the bit duration is at least T b = 100 ps. As we transmitted the SC-FDE signal over an OM3 fiber of 2443 m, with 3300 MHz×km bandwidth, the channel duration is around 740 ps, or approximately 8 bits, at 10 Gbps, and 4 bits at 5 Gbps. Hence, the minimum size of the cyclic prefix is 8 bits in order to avoid interblock interference at the worst case of a transmission rate of 10 Gbps. For short blocks, this required overhead can become excessively large. For this reason, we choose to transmit SC-FDE blocks of size 1024 bits. Therefore, the overhead caused by the cyclic prefix addition does not become significant. Also, the block does not become so long as to require a high capacity buffering at the receiver. To compare the performance of SC-FDE to a simple OOK transmission, we calculated the BER for different transmission rates considering both systems, as seen in Fig. 5 . As expected, the SC-FDE system outperformed the OOK in all cases, presenting an error-free transmission (over a 4 Mbit sequence) for transmission rates inferior to 5.5 Gbps. The results show that SC-FDE modulation can improve the performance of current short distance systems, which are mostly based on OOK modulation.
It is important to note that, although error-free transmission has been achieved at a rate of 5 Gbps, the investigated fiber had a length of 2443 m, which is longer than required in most data center applications. Assuming modal dispersion as the dominant bandwidth-limiting effect, we can conjecture that 40 Gbps would be feasible using an OM3 fiber of nearly 300 m (multiplying the bit rate by 8 and dividing the achievable length by the same factor), which is still sufficient for many local area applications. However, other impairments such as chromatic dispersion, modal noise, transmitter and receiver limited bandwidths do not necessarily scale and must also be investigated carefully, particularly at higher rates. Further developments may also include forward error correction in the analysis.
Conclusion
In this work we proposed and experimentally demonstrated the use of SC-FDE with OOK modulation for mitigating intermodal dispersion in short-reach optical systems. We were able to obtain error-free transmission (over a 4 Mbit sequence) for 5 Gbps over 2443 meters of OM3 fiber. Compared with OFDM, SC-FDE simplifies the transmitter avoiding the generation of complicated waveforms, while the total computational complexity is maintained. Therefore, we believe that SC-FDE is a promising alternative to enable cost-effective high-capacity MMF transmission using 850 nm VCSELs, OOK modulation format and direct detection. Future works may also include forward error correction in the analysis. 
